Abstract-The aim of this work is to reproduce the experimentally measured linear dependence of cardiac muscle oxygen consumption on stress-strain area using a model, composed of a three-state Huxley-type model for cross-bridge interaction and a phenomenological model of Ca 2ϩ -induced activation. By selecting particular cross-bridge cycling rate constants and modifying the cross-bridge activation model, we replicated the linear dependence between oxygen consumption and stressstrain area together with other important mechanical properties of cardiac muscle such as developed stress dependence on the sarcomere length and force-velocity relationship. The model predicts that ͑1͒ the amount of the ''passenger'' cross bridges, i.e., cross bridges that detach without hydrolyzing ATP molecule, is relatively small and ͑2͒ ATP consumption rate profile within a beat and the amount of the passenger cross bridges depend on the contraction protocol. © 2000 Biomedical Engineering Society. ͓S0090-6964͑00͒00206-X͔
INTRODUCTION
In studies of regional heart muscle mechanics and energetics, oxygen consumption ͑or ATP consumption͒ is often computed on the basis of the stress-strain area ͑SSA͒, the specific area in the stress-strain ͑SS͒ diagram surrounded by the end-systolic SS line, the end-diastolic SS line, and the systolic segment of the SS trajectory for a contraction. 6 SSA is an analog of pressure-volume area ͑PVA͒ and, similar to PVA, the dependency of oxygen consumption in a beat on SSA is almost linear. 14, 27 In spite of the large amount of experimental evidence supporting the linear dependency between oxygen consumption and SSA, the computations performed using the Huxley-type models have always predicted a nonlinear relationship between these two variables. In isometric contraction, calculated ATP consumption to SSA ratio was found to decrease as a function of sarcomere length. 29, 31 In isotonic contraction, the computed SSA to ATP consumption ratio was decreasing with an increase in the applied afterload. 31 Thus, the current theoretical understanding of muscle contraction cannot replicate the fundamental property of cardiac muscle, that oxygen consumption and SSA are linearly related. The importance of resolving this contradiction was outlined by several reviews. In 1985, 11 Gibbs and Chapman conclude: ''In summary, however, we appear to be faced by a paradox. Although many features of the cardiac results imply that there is a stoichiometric relation between ATP consumption and the manifestation of pressure-volume ͑or force-length͒ potential energy, the stoichiometric slippage essentially built into all models of muscle contraction . . . predicts that this should not be the case.'' Ten years later, in 1995, Gibbs and Barclay 10 stated the following: ''It does seem essential that cardiac cross-bridge models can replicate both the time varying elastance data and also account for the linear correlation between pressure-volume area and oxygen consumption.'' One way to resolve the contradiction between the mentioned theoretical studies and experimental measurements is to assume the existence of so-called ''passenger'' cross-bridges, i.e., cross bridges that are forced to detach from actin without consuming ATP molecule. This assumption has been applied successfully for the analysis of ATP consumption at high shortening velocities of the muscle fibers 4 . According to simulations of Cooke et al., 4 about 80% of all cross bridges do not consume ATP during a cycle at high sarcomere shortening velocities. This means that the ATP molecule is hydrolyzed only once per five actomyosin cycles. However, contrary to isotonic contraction, the presence of ''passenger'' cross bridges has a small probability in isometric contraction, where the sarcomere shortening velocity is too low to drag the attached cross bridges into the region of cross-bridge detachment without consuming an ATP molecule.
The goal of this study is to replicate the measured linear relation between ATP consumption and SSA in the isometric and shortening contractions using a model, composed of the Huxley-type model for cross-bridge interaction and a phenomenological model of Ca 2ϩ -induced activation ͑the Huxley-type model for short͒. The secondary goal is to predict the relative amount of the ''passenger'' cross bridges required to obtain the relation between ATP consumption and SSA. Additional requirements for the model were set by the intended use of the model in the future studies of the regional discrepancies between the mechanical contraction and oxygen supply in the heart wall. Since these studies will require detailed description of the relation between energetics and mechanics only, we modeled the excitation-contraction coupling and basal metabolism by simple phenomenological relations. Moreover, in view of these studies we already use a three-dimensional description of the constitutive properties of cardiac tissue.
In the present study, we found the model parameters by minimizing the difference between the selected measurements and model solution. During the optimization process, we took into account thermodynamic relations between the parameter values to compose the model which is self-consistent with the thermodynamical laws. 9, 13 Then, without any additional optimization, we compared model predictions with experimental data not used in the parameter estimation, in order to assess the predictive quality of our model.
MODEL DESCRIPTION
In the present study we modeled the cardiac tissue as a set of contractile fibers, mutually connected by a passive tissue network. The contractile fibers were modeled as a contractile element in series with an elastic element. The contractile element was described by the selfconsistent sliding filament model. 9, 13 The series elastic element, reflecting the compliance within thick and thin filaments in the nonoverlap zone, was characterized by an exponential relationship between stress and strain. The compliance within the overlap zone of the filaments 5 has been neglected in this work. Finally, the threedimensional passive tissue network was assumed to behave as a nonlinearly elastic, anisotropic material. The values of the constants used in the model are shown in Table 1 .
Constitutive Behavior
The total Cauchy stress developed in myocardial tissue is divided into ͑a͒ the uniaxial active stress a generated by the contractile element parallel to the muscle fiber direction e f and ͑b͒ the three-dimensional passive stress p resulting from the tissue deformation ͑parallel elastic element͒ ϭ a e f e f ϩ p . ͑1͒ 
Three-Dimensional Passive Element
The passive stress p is determined by a strain energy function W(E) that relates the second Piola-Kirchhoff stress tensor S to the Green-Lagrange strain tensor E:
The strain energy is taken from Rijcken et al.
where a i (iϭ0, 1, 2, 3, 4͒ are material parameters,
and I is the unity tensor. The passive Cauchy stress p is found from S according to
where F is the deformation gradient tensor and index c denotes a tensor conjugate.
Series Elastic Element
The series elastic element is described by the commonly used exponential law. 23, 31 The Cauchy stress developed by the series elastic element se is
where l se is the length of the series elastic element,
and P N is normalization stress equal to 100 kPa, l se N is the series elastic element length at a stress of P N , and K se is the element constant. With the used parameter values, se is almost a linear function of l se in the simulated conditions. Due to the composition of the series elastic and contractile elements in the contractile fibers, the length of the contractile element l c is smaller than the sarcomere length l s by l se : 31 l s ϭl c ϩl se . ͑9͒
Contractile Element
It is widely accepted that mechanical force is produced as a result of cyclic interaction of myosin heads with actin filaments. 15, 16, 26 During this interaction, the actomyosin complex is transfered from weak binding states to strong binding states and back to the weak states 26 ͑Fig. 1͒. Only the strong binding states produce mechanical force. The transformation of the actomyosin complex is driven by the free energy of ATP hydrolysis to ADP and inorganic phosphate Pi. 12, 26, 28 Several reactions presented in Fig. 1 are much faster than the rest. Namely, reactions ͑2͒ and ͑4͒ are in rapid equilibrium. 12 Thus, states AM.ATP and M.ATP form only one ''functional'' state, just as states AM.ADP.P and M.ADP.P do. In vivo, ATP attachment to AM is also very fast 12, 28 effectively reducing the amount of the cross bridges in this state to a negligible value. Thus, to describe actomyosin interaction one has to focus only on four states: AM.ATP ϩ M.ATP, AM.ADP.P ϩ M.ADP.P, AMЈ.ADP, and AM.ADP. For the sake of simplicity, we will assume that states AM.ATP, M.ATP, AM.ADP.P, and M.ADP.P may be presented by only one state. This will reduce the model to a three-state model with two strong binding states (S 1 and S 2 ) and one weak binding state W with the rate constants f i and g i ͑see upper part of Fig. 1͒ . The only reaction which is considered to be irreversible, is the cross-bridge detachment S 2 →W due to the high rate of the forward reaction 1 compared to the rate of reverse reaction 7 in normal conditions.
The force produced by the attached cross bridge in states S 1 and S 2 is assumed to be elastic and depends linearly on the axial distance z along the myosin and actin filaments between the equilibrium position of the myosin head and the nearest actin binding site. The equilibrium position and the elasticity constant for states S 1 and S 2 are taken to be equal. Since the force F ␣ developed by the cross bridge in state ␣ and the free energy G ␣ of the cross bridge obey F ␣ ϭ‫ץ‬G ␣ /‫ץ‬z, the linear dependence of F on z leads to a parabolic dependence of the free energy on z. 13 Taking into account the distribution of the cross bridges among the states as a function of z, the Cauchy stress a developed by the cross bridges in a halfsarcomere is, according to Zahalak and Ma, 35 as follows:
͑10͒
where n W , n S1 , n S2 are the fractions of the cross bridges in states W, S 1 , and S 2 , respectively; F S1 , F S2 , and F W is the force produced by the cross bridge in the corresponding states; m is the number of cross bridges in the unit volume; and d is the distance between successive actin sites to which the cross bridge can attach. According to our assumptions, the forces F S1 , F S2 are linearly dependent on z with the Hooke constant K, and F W is zero:
The cross-bridge attachment and detachment in the muscle fiber is governed by the following system of equations:
where A is the relative amount of activated cross bridges and w is the velocity of the contractile element lengthening
According to Eq. ͑14͒, only the activated cross bridges contribute to the force development. The rate constants are functions of z and the ratios of the forward and reverse reaction rates are determined by the change in the cross-bridge free energy as follows:
The activation function A introduces two important cardiac muscle properties into the model: ͑a͒ the time dependence of the stress generation in a twitch and ͑b͒ the developed stress dependence on the sarcomere length. 18 The muscle activation is governed by Ca 2ϩ concentration through an intermediate state B in reaction between troponin C and Ca 2ϩ as follows:
where c 2 is a function of sarcomere length l s
and normalized concentration B is a function of time
͑20͒
In these equations, c 1 , c 2MX , c 2F are the rate constants, Q introduces the cooperativity of the Ca 2ϩ binding to the troponin C, 32 and l min , l max are the sarcomere minimum and maximum length, respectively. The characteristic duration time T D is dependent on l s and given by
and the time to peak T P is constant.
The ATP consumption rate is taken equal to the crossbridge cycling rate
leading to the total ATP consumption during a cycle
where T is the period of a beat. According to the experimental studies reviewed by Suga, 27 it is reasonable to assume that ATP consumption by excitation-contraction coupling and basal metabolism is almost constant regardless of PVA in given contractile state. This assumption allowed us to compute the contractile efficiency from the cross-bridge ATP consumption only and ignore the contributions to ATP consumption by other intracellular processes.
Optimization Strategy
In this study we looked for the set of model parameters that led to the cross-bridge model which satisfied the experimentally measured linear dependency of oxygen consumption on SSA. We divided the parameters into two sets: ͑a͒ the parameters describing Ca 2ϩ -induced activation of the actomyosin complex, and ͑b͒ the rate constants of the actomyosin complex state transformation reactions. The parameters in the sets were optimized by minimization of the different residual functions.
In each optimization step for the set ͑b͒, the crossbridge cycling rate constants were specified and the set of the actomyosin activation parameters c 1 , c 2MX , c 2F , and Q were found by fitting the computed and measured active stress development in isosarcometric contraction. 17 The used residual function R act was the difference between computed and measured stress at different sarcomere length values
where and 0 are computed and measured stress, respectively; l i is sarcomere length, and t i is time moment for measurement point i; and N is the number of measurement points. The measurement points used in the optimization are shown by crosses in Fig. 3 . To find cross-bridge cycling rates f 1 , g 1 , f 2 , g 2 , and f 3 we predescribed the shape of these functions. Taking into account Eqs. ͑16͒ and ͑17͒, there are only three independent cross-bridge cycling rates for every z. The shapes of the functions are shown in Fig. 2 and were obtained as follows. Rates f 1 and g 1 were zero at negative z except such values of z at which f 1 was more than 1000 times smaller than g 1 . At these values of z, f 1 was 1 s Ϫ1 . At positive z, f 1 was piecewise linear until g 1 reached the predescribed maximum value g 1 (ϩϱ). Functions g 2 and f 3 were given by two linear relations each, one for positive and one for negative z values. The minimal value for the rates was zero.
The cross-bridge cycling rates were varied to obtain ͑a͒ the linear dependency between V ATP beat and SSA for isometric and shortening contractions, ͑b͒ prescribed SSA to V ATP beat efficiency, ͑c͒ prescribed shortening velocity at 2.5 kPa afterload in the isotonic contraction, and ͑d͒ end-systolic points in stress-strain diagram for isotonic contraction close to the maximal total stress in isometric contraction. The residual function R cyc which was minimized by varying the cross-bridge rates, had seven terms: 
where R act is defined by Eq. ͑24͒; V 0 and V 0 exp are computed and measured shortening velocity at 2.5 kPa afterload in the isotonic contraction, respectively; V ATP beat is total ATP consumption during a cycle computed on the basis of Eq. ͑23͒ in isometric contraction at sarcomere length of 2.2 m; V ATP SSA is total ATP consumption during a cycle computed from SSA assuming 60% contractile efficiency in isometric contraction at sarcomere length of 2.2 m; R ls is the sum of squares of differences of end-systolic points for isometric and isotonic contractions with the same end-systolic stress; R ATP t is the sum of squares of differences of computed respectively. The minimization of R act was stopped when either R act or the activation parameters change was less than 0.001% after an optimization step. The optimization of R cyc was stopped when seven consecutive steps reduced R cyc by less than 1% per step.
The rate constants and the activation parameters obtained by the optimization are shown in Fig. 2 and in Table 1 .
Numerical Methods
The partial differential equations were solved by the finite-difference method. The resulting system of ordinary differential equations was solved by the backwards differentiation formula that is able to treat stiff equations. The accuracy of the solution was tested by comparing different spatial discretizations and varying the tolerance of the ordinary differential equations solver. The optimization was performed using the Levenberg-Marquardt algorithm.
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RESULTS
Isometric Contraction
Contraction was driven through the prescribed B transient ͑20͒ followed by activation described by ͑18͒. The time course of the active force development at different preloads is presented in Fig. 3 . Both the maximal developed force and the twitch duration increase with the increase of the preload. The same is true for ATP consumption rate during a cycle leading to the larger than linear increase of the total ATP consumption dependency on the sarcomere length.
Shortening Contractions
We have simulated two types of the shortening contractions: isotonic and ''physiologic'' contractions mimicking the sarcomere contraction during a heartbeat. Here, under the physiologic contraction we mean the isotonic contraction until the minimal sarcomere length is reached and the isometric contraction after that moment. The computed total force for the isotonic and physiologic contractions at different afterloads is shown in Fig. 4 .
Since SSA is the same for isotonic and the physiologic contractions, ATP consumption during the cycle has to be the same for these contractions to achieve the same linear dependence between V ATP beat and SSA. Indeed, the simulations show that the difference between V ATP computed for isotonic and the physiologic contractions is relatively small ͑Fig. 5͒.
According to several experimental studies at tissue and muscle fiber levels, the end-systolic lines for isotonic and isometric contractions in the force-length plane are relatively close to each other. The computed end-systolic lines for the isometric and isotonic contractions are compared in Fig. 6 .
Good correlation was found between the computed sarcomere shortening velocity at the beginning of the shortening in isotonic contraction with the measurements 1.9, 1.95, 2.0, 2.05, 2.1, 2.15, and 2 at zero afterload. The correlation coefficient (r) was equal to 0.981.
ATP Consumption
Our simulations replicate the linear dependency between ATP consumption and SSA for different contraction modes ͑Fig. 8͒. In isotonic and the physiologic contractions presented here, the muscle was prestretched to sarcomere length 2.17 m as in the computations presented in Fig. 6 Fig. 8 is 65.4% as well.
Quick-Release Experiment
A common approach used to study ATP consumption rate during the cycle is to perform quick-release experiments and measure the amount of consumed ATP ͑or O 2 ) as a function of the release time. In the numerical experiment, the muscle was allowed to contract isometri- cally at 2.2 m until a prescribed time T r . At T r , the muscle was released by reducing the externally applied force proportionally to exp͕Ϫ͓(tϪT r )/5͔ 2 ͖, all units in ms. According to our simulations ͑Fig. 9͒, ATP consumption during a cycle is reduced by 38% compared to ATP consumption in the isometric contraction if the fiber is released at the time when the developed force is maximal.
It is possible that some of the cross bridges do not consume ATP for every attachment. Since the attachment reaction is reversible, there are some cross bridges that detach through reverse reaction 5 ͑Fig. 1͒ when it becomes energetically feasible. Such detachment is dependent on the contraction type and is increasing with the increase of the shortening velocity. For example, with the decrease of the afterload in the isotonic contractions, the shortening velocity increases and the relative amount of the cross bridges that detach without consuming ATP increases ͑Fig. 10͒.
Sensitivity Analysis
During an optimization process two functions (R act and R cyc ) were minimized by different sets of the parameters.
The sensitivity of R act value to the change of the model parameters is shown in Table 2 . At this analysis, the parameter and R act values found by optimization were used as a reference values.
The relative contribution of R cyc terms ͓see Eq. ͑25͔͒ to total value of R cyc with the parameter values found by optimization was as follows: R act /NR act was 4 Table 3 .
DISCUSSION
Our mathematical model is of a self-consistent Huxley type and is in good agreement with the classical measurements of SSA and oxygen consumption dependency. As has been measured in different laboratories, oxygen ͑or ATP͒ consumption depends linearly on SSA ͑or its full-organ analog PVA͒. It has been shown in several experimental studies that this dependency is the same for the isometric and shortening contractions. The model presented here reproduces this property of the cardiac muscle very well ͑see Fig. 8͒ . In this work we found the set of model parameters that gave the best fit between model solution and the experiment. As the result of the optimization, the model solution is in good agreement with the behavior of the cardiac muscle in isometric and shortening contractions. First, the contractile machinery efficiency computed by the model is in good agreement with the experimental data. Taking the efficiency of the oxidative phosphorylation to the free energy change of ATP hydrolysis equal to 70% and the contractile efficiency from the excess of VO 2 to PVA of 35%-47%, the cross-bridge contractile efficiency computed from the experimental data is 50%-67%. 10, 27 In our simulations, the cross-bridge contractile efficiency is 65%. Second, the computed isometric active stress during a beat replicates well the measured stress in the isosarcometric contraction at different sarcomere length values ͑Fig. 3͒. Third, the contraction duration is smaller in the isotonic case if compared with the isometric case ͑Fig. 4͒ which reproduces the typical isotonic contraction experiment results. 2 Fourth, the endsystolic point in the stress-strain diagram in the isotonic contraction lies on the end-systolic line computed for the isometric case. According to the corresponding measurements performed by Hisano and Cooper IV, 14 endsystolic lines are different for isometric and isotonic contractions and depend on the loading conditions. However, these lines are relatively close to each other.
We tried to predict some of the muscle properties of the model without any fitting. Namely, we have not fitted the shortening velocity dependency on the afterload ͑Fig. 7͒ except the velocity at afterload of 2.5 kPa, ATP consumption in a cycle in quick release experiments ͑Fig. 9͒, and isotonic contraction duration ͑Fig. 4͒. All these model predictions are in good agreement with the corresponding measurements. The largest difference detected between model prediction and the measurements, is the difference in sarcomere shortening velocity between the experimental study 34 and the model solution at low afterloads. However, at afterloads larger than 10 kPa the computed and measured shortening velocities are in good agreement with each other.
ATP consumption in the quick release experiment computed by the model correlates well with the measurements by Hisano and Cooper IV.
14 Namely, these authors have found that the oxygen consumption in a cycle drops by 36Ϯ4% when the muscle is released at the time of peak force. Taking into account that the basal level consumption was about 12% in isometric contraction, 14 the drop in ATP consumption by the crossbridges is about 41Ϯ5% if the basal consumption is the same for isometric and quick-released contractions. According to our simulations, the drop is about 38% which is close to the measurements.
According to the model sensitivity analysis, summarized in Table 3 , the residual function R cyc minimized during optimization can be reduced further if the optimization stopping criteria would be ignored. Namely, the changes in cross-bridge cycling rates can lead to R cyc reduction. The largest drop of R cyc is expected if f 3 (ϩ60 nm͒ is increased. One can use the information obtained from the sensitivity analysis to reduce the largest difference between the model predictions and measurements -the sarcomere shortening velocity at low afterloads. To reduce this difference, one can reduce f 1 (ϩ80 nm͒ or g 2 (Ϫ0 nm͒. The reduction of f 1 (ϩ80 nm͒ seems to be the best choice since it reduces R cyc much more than reduction of g 2 (Ϫ0 nm͒. Table 3 shows the influence of the compliance within thick and thin filaments (l se ) to some of the model properties. According to our results, the change of l se has the largest impact to sarcomere shortening velocity at low afterload and dependence of ATP consumption on SSA. However, taking into account that even the doubling and reduction by two of l se does not change the order of R cyc , we suggest that it is possible to find the set of the model parameters with different l se values which will fit the experimental data as well. The compliance of the filaments described by l se is the compliance of only the nonoverlap zone. Due to the limitations of the Huxley-type model, we had to ignore the compliance within the overlap zone of the filaments. 5 The correlation between the different experimental measurements and the computations adds support to the model predictions. One important model prediction is that the ATP consumption rate within a beat depends strongly on the contraction type. For example, in the isotonic contractions a large amount of ATP is consumed by the cross-bridges in the beginning of the cycle. On the other hand, ATP consumption in isometric contraction is spread more homogeneously along a beat ͑see Fig. 5͒ . Thus, the differences in the measurements of the oxygen consumption in the quick-release experiments outlined by Taylor et al. 30 may be explained by the differences in the muscle shortening dynamics at the sarcomere level between isovolumetric heart contractions 8 and isometric isolated papillary muscle contractions. 14 This prediction is in concord with the high sensitivity of the ATP consumption rate profile on the parameters of the Huxley-type model shown by Taylor et al. 30 One of the results obtained by our model, is the relatively small amount of the passenger cross bridges in isotonic contractions. In a theoretical study of the skeletal muscle by Cooke et al., 4 the number of cross bridges that detached without hydrolyzing ATP was up to 80% at high contraction velocities. In our simulations the number of passenger cross bridges were not more than 15.2% during a cycle ͑Fig. 10͒, or more than 5 times smaller. This difference may indicate the differences in the muscle type or in the contraction protocol. However, the relatively small difference between amount of the passenger cross bridges in isotonic and in the physiologic contractions indicate that only the muscle shortening phase of the contraction is important since the muscle lengthening phase of the contraction is different for these contractions.
This study is not the first one which uses the Huxleytype models to simulate mechanochemical properties of the muscle. A series of studies by Pate and Cooke on the skeletal muscle fiber mechanics and biochemistry has shown a theoretical way to explain high economy of the rapidly contracting muscle. 4 We have used a similar approach and added a Ca 2ϩ -activation description to our model which is required in the simulations of cardiac muscle contraction during a beat. The composition of the Ca 2ϩ -activation model together with application of the Hill-Eisenberg formalism helped us to overcome the difficulties experienced in several theoretical studies 29, 31 of cardiac oxygen consumption such as nonlinear oxygen consumption dependency on SSA and large differences in this dependency for the isometric and isotonic contractions.
Most of the cardiac muscle activation properties included in our model have been previously used by others: the reduction of the deactivation rate constant c 2 with the increase sarcomere length ͓see Eqs. ͑18͒ and ͑19͔͒ at the constant activation rate c 1 ;
23 the cooperativity of the Ca 2ϩ binding to the troponin C ͓see Eq. ͑18͔͒. 20 However, we assumed that duration of troponin C activation depends on the sarcomere length ͓see Eqs. ͑20͒ and ͑21͔͒. It is important to note that intracellular Ca 2ϩ concentration transient duration is not influenced by sarcomere length significantly, 19 but taking into account the complex multistep interaction between Ca 2ϩ and troponin C, 7 we proposed that the activation parameter A stands for the activated troponin C and B for the intermediate state in reaction between troponin C and Ca 2ϩ . Thus, we assumed that the intermediate state between inactivated and activated troponin C depends on the sarcomere length. Since our model is of a phenomenological type and in this paper we are not interested in the precise description of Ca 2ϩ dynamics, we predescribed the intermediate state dependency on time and sarcomere length to compute stress, deformation, and ATP consumption of the muscle.
Recently, Landesberg and Sideman 21 reproduced with their cross-bridge model the linear relationship between ATP consumption and SSA in isometric contraction. They have shown that their model is able to reproduce the linear relationship only if the cooperativity between the cross-bridge recruitment and the generated force is assumed. By making this assumption, Landesberg and Sideman 21 prolonged the twitch duration at the larger sarcomere length values. Taking into account the SSA dependency on sarcomere length, such prolongation is required to reproduce the relationship between ATP consumption and SSA. Namely, one can roughly estimate that the maximal developed force is increasing linearly as a function of sarcomere length, and consequently, SSA is increasing with the second order of the sarcomere length. To have the same second-order increase of ATP consumption, which is the time integral of ATP consumption rate in a beat, the twitch duration has to increase linearly with respect to sarcomere length since maximal ATP consumption rate is increasing almost proportionally to maximal developed stress. In our model, we prolonged the twitch duration by prolonging troponin C activation with the increase of sarcomere length. The cooperativity of the Ca 2ϩ binding to troponin C 32 used in this paper differs from the mechanism used by Landesberg and Sideman. 21 The cooperativity mechanism was introduced into the model to reduce the generated force faster at the end of the twitch. Without the cooperativity mechanism, the computed twitch duration was much longer than measured. Thus, there are considerable differences between descriptions of the muscle activation mechanism used by us and by Landesberg and Sideman. 21 However, taking into account that, opposite to Landesberg and Sideman, 21 no additional insight in the cardiac muscle activation dynamics is sought in this work, and the simplified approach used is justified.
We modeled the active force dependency on sarcomere length only through the muscle activation and neglected the influence of the real structure of the sarcomere, such as double-overlap regions, to the force-length dependency. This is common practice in the cardiac muscle modeling 23, 29, 31 and it is based on a high sensitivity of Ca 2ϩ -induced activation to the value of the sarcomere length. 18 This model simplification is important if one assumes, like Landesberg and Sideman 21 did, that the cross bridges consume ATP but do not produce any mechanical force in the double-overlap region of the thick and thin filaments. If true, our efficiency computations are not correct since we neglected ATP consumption by cross bridges in the double-overlap regions. The relative amount of cross bridges in the doubleoverlapped region ͑and according to the assumption of Landesberg and Sideman 21 an error that we introduce͒ is a linear function of the sarcomere length which declines with the increase of the sarcomere length. Assuming that thick filament length is 1.5 m, the thin filament length is 1.05 m, Z-line width is 0.1 m, width of ''bare'' area in the center of thick filament is 0.1-0.2 m, the relative amount of cross bridges in the doubleoverlapped region is less than 1/5 at sarcomere length larger than 1.8 or 1.7 m for the bare area width of 0.1 or 0.2 m, respectively. Thus, the introduced error is reasonably small at sarcomere length values larger than 1.8 m. Finally, we would like to stress that this error estimation of computed cross-bridge contractile efficiency is based on the assumption that cross bridges consume ATP and do not produce any force in the double-overlap region. Regardless to the intriguing experimental studies outlined by Landesberg and Sideman 21 in proof of their assumption, to the best of our knowledge there is no experimental study that directly shows such a behavior of the cross bridges.
From the comparison of our study with the theoretical studies performed before, we conclude that the main difference which allowed us to replicate the linear dependency of ATP consumption by cross bridges on SSA was the approach we used to obtain the model parameters. Namely, one of the requirements used in the model parameters estimation was the linear dependency between ATP consumption and SSA in isometric and shortening contractions. Thus, we treated the relationship between ATP consumption and SSA as a fundamental property of the muscle and found the cross-bridge cycling rate constants and the activation parameters using this macroscopical property of the muscle. It is important to note, that the set of the parameters found by optimization may not be unique. For example, one can find the cross-bridge rates with different dependencies on z and still obtain good results. In this work, we tried to find the rates with as simple shapes as possible to fit the desired data.
To summarize, we have replicated the experimentally observed linear relation between cardiac ATP consumption and stress-strain area with a model, composed of a three-state Huxley-type model for cross-bridge interaction and a phenomenological model of Ca 2ϩ -induced activation. The simulation results demonstrated that this dependency does not require a high number of cross bridges which detach without consuming ATP.
